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ABSTRACT 
1. Large wood is a powerful geomorphic agent in rivers, providing important habitat functions 
for a range of aquatic organisms, but has been subject to a long history of removal. 
2. Internationally, approaches to river restoration are increasingly incorporating large wood 
features, but generally favour simple flow deflectors (e.g. single logs, stripped of branches 
and anchored in place) over more complex structures that more accurately mimic natural 
wood jams. 
3. This paper explores channel response to wood-based restoration of an overwidened 
lowland chalk stream that incorporated whole felled trees.  Hydraulics, sediment, topography 
and vegetation data were assessed for a three year period for two restored reaches: an 
upstream reach where pre-restoration baseline data were obtained, and a downstream 
reach restored prior to data collection. 
4. Where pre-restoration data were available, the introduction of wood jams generated 
sediment deposition within jams leading to the development of vegetated marginal ‘benches’ 
and bed scour in adjacent areas of flow convergence.  Patterns were less clear in the 
downstream reach, where restoration design was less ambitious and outcomes may have 
been impacted by subsequent restoration work upstream.   
5. The results indicate that reintroduction of large wood (whole trees), can promote channel 
and habitat recovery from overwidening in lowland rivers, creating important ecological 
benefits through the provision of structurally complex marginal habitat and associated food 
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resources.  Longer-term assessments are required to establish whether the trajectories of 
change are persistent. 
6. The work emphasises the effectiveness of restoration approaches that aim to ‘work with 
nature’. The ambitious design, incorporating structurally complex wood jams, was also low-
cost, using materials available from the river corridor (existing riparian trees). Furthermore, 
ecosystem engineering effects were amplified by the colonisation of wood jams by aquatic 
vegetation.  The approach should, therefore, be transferable to other lowland rivers, subject 
to wider catchment constraints. 
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INTRODUCTION 
Large wood is a natural feature and critical component of wooded river systems throughout 
the world (Gregory et al., 2003) and exerts a significant influence on fluvial processes and 
aquatic biota across multiple scales. Instream large wood has the potential to act as a powerful 
geomorphic agent in river systems by initiating and maintaining a range of fluvial landforms 
(Keller and Swanson, 1979; Gregory and Davis, 1992; Gurnell et al., 1995; Collins et al., 2012) 
and has an important ecological role, including provision of habitat and food resources for 
aquatic organisms such as fish and invertebrates (e.g. Benke et al., 1985; Gibbons, 1990; 
Cashman et al., 2016) and nutrient attenuation (Krause et al., 2014).  Despite these important 
contributions to hydrogeomorphological, ecological and biogeochemical processes, large 
wood has been subject to widespread removal across the world, particularly from lowland 
rivers (Gippel et al., 1996) which include distinctive, globally rare and internationally important 
habitats such as chalk streams (Mainstone, 1999).  Wood removal from lowland rivers has 
occurred both indirectly through woodland clearance for floodplain development over longer 
timescales of 103 years (Watts, 2006; Magilligan et al., 2008), and more recently (largely over 
timescales of 102 years) through flow regulation and embankment (Nakamura and Swanson, 
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2003; Erskine and Webb, 2003) and the direct and deliberate removal by dredging and ‘de-
snagging’ to maintain channel capacity and reduce the possibility of blockages at structures 
(Gippel et al., 1996; Erskine and Webb, 2003).  Recent decades have seen increasing 
emphasis at the international level on improving the ecological status of water bodies (e.g. the 
Water Framework Directive; European Parliament, 2000) and conserving key ecosystem 
services (Millenium Ecosystem Assessment, 2005). This has encouraged an increase in the 
use of large wood in river restoration projects, in particular across Europe, the USA and 
Australia (Gibbons, 1990; Larson et al.,2001; Erskine and Webb, 2003; Kail et al., 2007; 
Cashman, 2015) as a means of improving the biodiversity and conservation value of lowland 
rivers that have been subjected to historical pressures including physical modification, 
abstraction, agriculture and urbanisation. 
 
Instream large wood is defined as living or dead wood >1m length and >10cm diameter 
(Thevenet et al., 1998). Naturally occuring wood jams, comprising multiple wood pieces of 
varying size and arrangement, can be highly complex in structure and vary according to 
channel style and dimensions (Gurnell et al., 2002).  These range from channel-spanning 
energy dissipating structures in smaller streams (e.g. Wallerstein and Thorne, 2004), to partial 
jams in larger single-thread channels where wood length is smaller than channel width (Abbe 
and Montgomery, 1996), to large pioneer islands developed around flood-deposited trees in 
multi-thread channels (Gurnell et al., 2001; 2005).   The introduction of wood as part of a river 
restoration programme should, therefore, ideally integrate rehabilitation of the riparian zone to 
an extent where natural processes of large wood recruitment can take place (Erskine and 
Webb, 2003; Roni et al., 2015).  In practice, however, this process is typically accelerated by 
the installation of instream wood structures in order to satisfy shorter-term habitat goals 
(Gippel et al., 1996; Erskine and Webb, 2003).  Restoration design must seek to balance 
hydrogeomorphological and ecological goals with concerns over flood and erosion risks, as 
well as public perceptions around naturalness, safety and aesthetics (Piégay et al., 2005; Chin 
et al., 2008; Wyzga et al., 2009; Wohl, 2015). Thus the use of wood in river restoration remains 
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somewhat controversial (Roni et al., 2015), highlighting a pressing need for further research 
to generate an improved evidence base.   
 
To date, there has been a tendency for the design of restored wood jams to reflect blockage 
concerns as opposed to key habitat factors (Gippel et al., 1996) and to favour simple, flow 
deflectors or groynes (e.g. single logs without branches, often anchored in place) over natural 
wood and more structurally complex jams with multiple pieces and intact branches (Thompson 
and Stull, 2002; Cashman, 2015) even though failure rates (i.e. through dislodgement) of 
placed wood are relatively low (Roni et al., 2015).   As a result, restored wood jams tend to 
differ considerably in their size, spacing and orientation relative to the potential natural state 
(Kail et al., 2007).  Importantly, flow deflectors and groyne structures do not mimic the wood 
jams generated by natural fallen trees and therefore the execution of this type of wood-based 
restoration may not optimise outcomes. Indeed, many of common restoration approaches to 
increasing structural complexity, including installation of wood and other structures such as 
boulders, have generally failed to deliver significant increases in biodiversity (Palmer et al., 
2010). Questions remain regarding the effectiveness of introduced wood in altering flow 
hydraulics and channel morphology (Larson et al., 2001; Thompson and Stull, 2002; 
Cashman, 2015), although even very simple (natural) wood structures have been shown to 
promote both hydromorphological heterogeneity and macroinvertebrate diversity in pristine 
lowland systems (Pilotto et al., 2014; 2016). Given the increased investment in restoration 
projects (Bernhardt et al., 2005) and the notorious deficiencies in post-project river restoration 
appraisal (Kail et al., 2007; Morandi et al., 2014), there is a pressing need for improved 
understanding of river channel responses (morphological, habitat, ecological) to restoration 
approaches using more complex large wood structures. 
 
In modified catchments introduced wood may play a different role.  For example, ecosystem 
engineering (sediment trapping) by plants and trees can generate marginal bench-like 
landforms in overwidened rivers, leading to channel contraction or narrowing (Erskine et al., 
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2012; Gurnell et al., 2014).  This suggests that introduction of large wood pieces in river 
restorations may be able to assist channel recovery from historic modifications, reducing the 
need for more costly bioengineering approaches to the improvement of hydromorphological 
diversity and ecological status. Approaches which seek to mimic more closely natural 
processes such as tree fall also complement wider evolving environmental management and 
conservation agendas such as ‘working with natural processes’ (Environment Agency, 2010) 
and ‘re-wilding’ (Navarro and Pereira, 2012).  
 
This paper explores whether large wood can promote channel recovery from overwidening in 
lowland rivers, focusing on a restoration design incorporating whole trees in the form of partial 
wood jams that was implemented to improve the conservation and biodiversity value of a chalk 
stream in eastern England. The site is located upstream of the Bure Valley Living Landscape 
encompassing a series of Sites of Special Scientific Interest (SSSI) and a range of important 
wetland habitats. The site is therefore representative of rare and important chalk stream 
habitats; situated in a catchment of conservation importance but exposed to numerous 
pressures from historic physical modifications, over abstraction, pollution and agriculture 
(O’Neill and Hughes, 2014).    We hypothesised that the introduced partial wood jams would: 
 
1. Promote the accumulation of fine sediment at channel margins around wood jams, leading 
to the development of marginal sediment benches and intervening areas of flow concentration 
between jams. 
 
2. Facilitate the areal expansion of marginal and emergent vegetation through marginal bench 
development. 
 
METHODS 
Field site and restoration design 
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The research site was located on the River Bure, a lowland chalk stream in north Norfolk, 
eastern England (Figure 1).  Upstream catchment land use is predominantly arable agriculture 
and the floodplain at the study section comprises wet Alder (Alnus glutinosa) Carr woodland.  
The river channel in the vicinity of the study site has been heavily modified since c.1900 by 
the development of four mills, altering channel planform (realignment and widening) to 
increase conveyance and holding capacity.   As a result, many reaches are overwidened and 
heavily silted.  There is a patchy wooded riparian zone but large wood has historically been 
removed from the channel as part of flood maintenance work.  The study section was located 
at an altitude of approximately 12 m AOD.  Bankfull width was approximately 8 - 10 m, and 
depth approximately 1 m.  Bed sediment ranged from silt to gravel but was generally fine: 
average D50 1-2 phi for characteristic bare sediment patches is reported in Osei et al. (2015). 
 
Between 2008 and 2010, river restoration works were designed and implemented by the 
National Trust in response to concerns over a declining population of wild brown trout (Salmo 
trutta); a problem that affects approximately one third of chalk streams (O’Neill and Hughes, 
2014).  The project sought to enhance physical habitat by reinstating large wood features, with 
the underlying aim of restoring a ‘natural process’.  Riparian trees (A. glutinosa) were felled 
into the river from the wooded riparian zone and modified as necessary to comply with UK 
Environment Agency by-laws and angling access.  Full details of the approach can be found 
in the UK River Restoration Centre’s manual of techniques (River Restoration Centre, 2013). 
 
The study area comprised a stretch with four wood jams installed in 2008 (reach R1) and a 
stretch with seven jams installed in 2010 (reach R2), with each reach approximately 60 m in 
length.  A high dam (channel-spanning log) upstream of section R1 formed naturally and was 
therefore not assessed as part of the restored reach.  All jams included in the data set were 
classed as ‘partial jams’ (Gregory et al., 1985) since they did not span the full channel width.  
Some key parameters (slope, fine sediment accumulation, vegetation cover) were also 
assessed for an additional 60 m long unrestored reach upstream (NR) to help distinguish 
7 
 
wood-induced change from wider catchment-induced changes. In general, R2 jams were 
generally larger and less spatially discrete than R1 jams, reflecting a more ambitious second 
phase of the restoration works (see Figure 1).  Key wood jam properties are provided in Table 
1.   
 
Field methods 
Field data were captured over a three year period (2010 - T1, 2011 - T2 and 2012 - T3).  For 
R1 this provides data for 2-4 years following restoration work, and for R2 it includes pre-
restoration baseline data and two years of post-restoration data.  To provide hydrological 
context for the study period, pressure transducers (Solinst Levelogger Gold) were installed to 
provide continuous flow stage records at 15 minute intervals in each reach (R1, R2, NR).  
Stage data (elevation in m above an arbitrary datum) were corrected for atmospheric pressure 
using a Solinst Barologger installed on the floodplain.  Mean daily discharge (Q) data were 
also available for a gauging station located 2.5 km downstream of the research site at Ingworth 
(National River Flow Archive, undated), although there is a small tributary input (Scarrow 
Beck) between the research site and this gauging station.   The logger at R2 was dislodged 
during the restoration work but was reinstated in the same location nine days later.   
 
Hydrogeomorphological data were collected using a series of regularly spaced cross sections 
(every 5 m) since wood locations for R2 were unknown at the time of baseline surveys.   For 
all variables, except bed elevation, measurements were taken at four equally spaced locations 
across each transect (n = 60 point measurements per reach) and surveys were conducted at 
the start of the vegetation growth season (April/May) and during the period of peak growth 
(July/August). For cross sections in R1 and R2, points were additionally assigned to ‘wood’ 
patches where point measurements fell within the extent of wood jams and to ‘flow’ patches 
where points fell within areas of flow concentration between jams (as identified through visual 
mapping; see Figure 1). In order to quantify the accumulation of surficial fine sediment, point 
measurements were undertaken by inserting a 2 mm diameter metal rod into the bed at 
8 
 
constant pressure until the coarse underlying substrate was encountered (Lisle and Hilton, 
1992).   
 
In order to explore changes in flow conditions within and between jams, flow velocity was 
recorded (for the same cross sectional grid) using a SonTek/YSI Flowtracker handheld 
Acoustic Doppler Velocimeter (ADV®) averaged over 30 s.  Mean daily Q at Ingworth was 
between 0.77-1.20 m3s-1 (~Q75-Q45) and measured Q at the study site was between 0.47 - 
0.64 m3s-1 across the surveys and hence there was some variation in flow conditions between 
surveys.  Flow depth and visual assessment of the dominant substrate category (silt, sand, or 
gravel; identified for a 1 m2 area around the flow depth sampling point) were also recorded for 
each sampling location.  An estimate of the local boundary shear stress 𝜏𝑜 at each sampling 
location was made using the flow depth ℎ, the mean flow velocity 𝑈 and an estimate of bed 
roughness 𝑧0 in a flow resistance relation following Wilcock et al. (1996): 
𝑈
𝑢∗
=
1
𝐾
ln (
ℎ
𝑒 𝑧0
) 
where 𝑢∗  is the bed shear velocity (= [𝜏0/𝜌]
1/2 ), 𝜌  is water density, 𝐾  is von Karman’s 
constant (0.4), 𝑒 is the base of natural logarithms and 𝑧0 is estimated as a function of visual 
estimates of bed substrate size (= 0.095𝐷90). The estimated values of 𝜏𝑜 provide an indication 
of the relative intensity of the local hydraulic environment that is comparable across the 
surveys. The percentage change in streamwise velocity between paired adjacent margin-
centre sampling points on each cross section was computed in order to explore the 
concentration of flow in central channel areas between jams.  
 
To capture the nature of cross sectional morphological changes and derive channel centreline 
slope, bed elevation cross sections at 5 m intervals were captured in April of each year using 
a Leica TPS800 total station.  Cross sectional resolution was varied to capture breaks in slope.  
The location of key wood pieces in each wood jam were also surveyed and these remained in 
place for the duration of the research period.   
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In order to capture changes in vegetation cover and types, presence/absence of vegetation 
was recorded for each point measurement.  Additional detailed field mapping of aquatic and 
marginal vegetation (to species level) was undertaken in NR, R1 and R2 during peak 
vegetation growth (July/August).  Field sketches of in-river and marginal plant structure were 
made with reference to a gridded template of the digitised river reaches assisted by marker 
posts (corresponding to grid points) positioned at 10 m intervals along both river banks. 
Resultant maps of vegetation were then digitised in ArcGIS 10.2 and used to both visualise 
the spatial organisation of different plant species and to estimate their aerial cover. A plant 
species list together was also generated for each individual wood jam.  Environmental 
indicator values representing the ranges of light, moisture, pH, nitrogen and salt required by 
vascular plants have been identified for the British flora based on the European Ellenberg 
system (Hill et al., 1999). The Ellenberg moisture scale was used to identify moisture tolerance 
ranges of aquatic plants observed in the three reaches and any changes following restoration, 
in order to indicate the types of species present. Each species was assigned an indicator value 
for moisture conditions from the range 1 (extreme dryness) to 12 (submerged plants, 
permanently or almost constantly under water) using species lists published in Hill et al. 
(2004). The channel in the NR section had lower levels of shading which limited the extent of 
direct comparison with restored reaches in relation to vegetation data.   
 
Data analysis 
Since data were not normally distributed, non-parametric statistical tests were employed.  
Mann Whitney U tests were used to explore differences between two groups (e.g. wood and 
flow patches) and Kruskal Wallis tests to explore differences between more than two groups 
(e.g. reaches and time periods). For vegetation data, areal coverage of different species was 
estimated by quantifying spatial coverage in digitised maps (ArcGIS v. 10.2). 
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RESULTS 
Sediment accumulation and bench development 
Hydrological time series for the period of record are given in Figure 2.  A period of high flows 
(> Q10) occurred in autumn/winter 2010-2011 following the R2 restoration in November 2010.  
This contrasts with moderate flows during the following winter period (2011/12) as a result of 
dry weather conditions. Spring/Summer 2012 was unusually wet resulting in two high flow (> 
Q10) events towards the end of the study period.  The flows with the greatest capacity for 
geomorphic change were therefore likely to be those occurring in the period immediately 
following the R2 restoration and at the end of the study period. 
 
Surficial fine sediment storage was higher in the two restored reaches relative to the 
unrestored section (NR), and was higher for R1 compared to R2 throughout the period of 
record (Figure 3a) and these differences were significantly different (R1>R2>NR across the 
study period; Kruskal Wallis P < 0.01).  All three reaches also showed an overall increase in 
fine sediment storage throughout the period, with more pronounced increases within the 
restored reaches relative to NR.   For R1 there was a pronounced increase in fine sediment 
depths between T1 and T2 (i.e. following restoration upstream in R2) which is statistically 
significant (Kruskal Wallis P < P0.05).  Channel centreline slope throughout the whole study 
section decreased from 0.0017 to 0.0015 between T1 and T3 supporting a faster rate of 
aggradation in the most downstream (R1) section relative to upstream (NR).  The percentage 
of fine sediment stored in wood patches compared to other channel areas was computed from 
point measurements and showed no trend through time for R1, but increased linearly from 
~30% to 40% between T1 and T2 in R2 (Figure 3b). 
 
Fine sediment depth and shear stress values were examined for wood patches and adjacent 
patches of deflected flow (see Figure 1) in R1 and R2, comparing T1 and T3 (Figure 4).  While 
there was considerable variability in fine sediment depth and shear stress for both patch types, 
median values and interquartile ranges indicate deeper sediments and lower shear stress 
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within jams relative to adjacent flow patches for R1 for both time periods and an increase in 
fine sediment depth within both patch types through time.  For R1, statistically significant 
differences (Mann Whitney P < 0.05) between the two patch types were identified for R1 for 
fine sediment depth (T1 spring and summer) and shear stress (all surveys except summer 
T1/T3).  For R2, prior to wood installation, fine sediment depth and shear stress were similar 
between marginal and central channel areas, but following restoration the patch types 
indicated more distinct sheltered depositional environments around the wood jams and areas 
of higher shear stress and lower fine sediment depths in adjacent flow deflection patches, 
although these differences were not statistically significant (Mann Whitney U P > 0.05), 
reflecting high spatial variability.  The percentage change in streamwise velocity between 
paired adjacent wood and flow patches in R2, where pre-restoration data were available 
(Figure 4), shows an increase in concentration of flows in central channel areas (higher % 
increase in velocity) following restoration but with considerable variability in space and through 
time which may in part reflect the differences in flow conditions between surveys (see Methods 
section).  Smaller differences in velocities between marginal and central channel areas were 
evident for the summer surveys when vegetation cover was highest. 
 
Cross section profiles comparing T1 and T3 for each wood jam are presented in Figures 5 and 
6.  For 7 out of 11 wood jams, cross sectional profiles showed increased bed elevations in 
marginal areas around the wood jams (increasing by between 0.1 – 0.3 m and extending 2.5 
– 5 m from the banks) and scour in adjacent areas where flow was concentrated between 
jams (between approximately 0.05 m and 0.3 m at the deepest point).  The close proximity of 
jams and positioning of key pieces along both banks also introduces difficulties in separating 
the interacting effects of different proximal jams.  For two jams in each reach this pattern was 
not observed: in R1 both of these were located on or near outer meander bend locations and 
in R2 both jams comprised key wood pieces staked into the channel at some distance from 
the bank. 
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Vegetation dynamics 
Vegetation cover was highest in the NR reach; increasing slightly from 80 to 90% over the 
study period (Figure 7a) but this largely reflects the cover of submerged plants since marginal 
and emergent vegetation accounted for 20% total cover or less throughout the period (Figure 
7b).  Both restored sections showed a considerable increase in vegetation cover between T1 
and T2 (84% increase for R1, 56% increase for R2) and vegetation cover remained high (70-
80%) by T3, with the highest levels recorded in R2.  For R2 there was a substantial increase 
in the cover of marginal/emergent species following restoration which then declined but 
remained > 60% by T3 (Figure 7b).  In R1 the cover of marginal and emergent vegetation 
showed less change through time fluctuating between 40-60%, and increased plant cover was 
associated primarily with the expansion of submerged aquatic vegetation (Figure 7c).  For NR, 
the proportion of marginal/emergent vegetation types was similar across surveys, with a slight 
reduction between T1 and T2.  Visualisations of vegetation cover in the restored sections 
(Figure 7c) reveal clustering of marginal and emergent vegetation around the wood jams in 
R1 and R2.  The areal cover of vegetation is presented according to Ellenberg moisture values 
for the three reaches (R1, R2, NR) in Figure 8, together with species level data for R2.  NR 
was dominated by shallow water species for all three time periods, with a slight reduction in 
cover between T1 and T3. R1 showed lower variability in the abundance of different Ellenberg 
groups through time, and a slight reduction in species indicative of damp/marginal 
environments between T2 and T3.  R2 revealed a pronounced increase in cover of shallow 
water indicator species following restoration (T2), largely Nasturtium officinale and Apium 
nodiflorum.  This subsequently declined (T3), although shallow water species were still most 
widespread.   A more gradual increase in the cover of species representative of marginal and 
damp environments (Ellenberg scores 6-9) was also noted for R2, reflecting expansions of 
Myosotis scorpiodes, Phalaris arundinacea, Epilobium hirsutum, Mentha aquatica and Urtica 
dioca.  There was also a distinct difference between the R1 and R2 jams in terms of species 
richness (Figure 9).  In R1 there was either little change or a reduction in richness between T1 
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and T3, while in R2, all jams showed increased vegetation species richness compared to the 
pre-restoration state, although species richness was variable amongst the jams (Figure 9). 
 
DISCUSSION 
The results suggest that large wood (whole trees) can promote channel recovery from 
overwidening in lowland rivers and highlight some important considerations for restoration 
design.  The initial ecohydromorphological adjustments associated with the wood jam 
introductions in this study are set against a backdrop of high catchment-derived fine sediment 
inputs and a trend of aggradation throughout the study section.  This is most pronounced in 
the downstream section (R1) which was restored two years prior to the first field surveys. 
Pulses or ‘slugs’ of bed sediment that propagate through river systems have been identified 
across a range of spatial and temporal scales (Nicholas et al., 1995), with implications for 
geomorphic diversity (Bartley and Rutherford, 2005) and the ecological success of river 
restoration schemes (e.g. Howson et al., 2009).  Longer-term trends in aggradation, including 
passage of sediment slugs, cannot be assessed here, but increasing sediment storage 
throughout the study site (including, to a lesser degree, within the unrestored upstream reach) 
illustrates the exposure to high inputs of fine sediment that is characteristic of lowland rivers 
worldwide (Owens et al., 2005).  This is an important consideration for ensuring that 
ecosystem engineering by trees and marginal plants leads to the building of landforms without 
choking the channel (Gurnell et al., 2010).  An additional factor is the interaction between the 
two restored sections: aggradation in downstream section R1 is likely to, at least in part, reflect 
the mobilisation of material following restoration upstream in R2.  Despite these reach-scale 
trends, however, channel response to wood introductions was clearly identifiable. 
 
Where pre-restoration baseline data were available (R2), the introduction of large wood 
created of new patches of lower shear stress and higher sediment deposition within jams, and 
patches of higher shear stress and lower sediment deposition in adjacent areas of flow 
convergence between jams.  This is supported by patch-scale suspended sediment release 
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experiments at the same field site which demonstrated that diffusion processes were dominant 
within restored jams, leading to sediment storage, while efficient downstream advection of 
suspended sediment was observed in areas of flow concentration adjacent to the large wood 
(Parker et al., 2017). The proportion of sediment stored within wood jams increased by ~10% 
in the two years following restoration and channel morphological change was characterised 
by the development of marginal ‘benches’ of sediment accumulation around wood pieces and 
bed scour in the flow convergence areas between jams. Two jams appeared less effective in 
generating this pattern of change, but both of these were anchored some distance from the 
bank.  The capacity for sediment trapping around large wood pieces is likely to have been 
increased by the complex nature of the jams that comprised multiple wood pieces with 
branches intact, and by the rapid colonisation of jams by marginal and emergent vegetation 
species, which act as effective ecosystem engineers in lowland rivers (e.g. Sparganium 
erectum; Gurnell et al., 2010; Liffen et al., 2011).  This may have been facilitated by a more 
abundant propagule bank that has been identified in marginal bench locations relative to other 
channel areas at the site (Osei et al., 2015).  The increase in vegetation cover reflects a rapid 
expansion of early-colonising shallow water species (N. officinale and A. nodiflorum) in the 
year following restoration and a more gradual increase (over 2+ years) in the cover of species 
characteristic of aquatic-terrestrial transition zones (e.g. M. aquatica, E. hirsutum, P. 
arundinaceae).  The latter points to a possible early trend of terrestrialisation of channel 
margins associated with sediment accumulation, but change was relatively subtle in the two 
years following restoration and future studies will be required to make this assessment. 
Likewise, the shallow water species that show a rapid expansion are disturbance-related and 
may reflect the levels of disturbance associated with the restoration work, especially given that 
rates of change in vegetation cover observed over longer timescales since restoration in R1 
are much slower, and in some cases trends are reversed. 
 
For the reach surveyed 2-4 years following restoration (R1), change over time was more subtle 
and in some cases trends reversed.  Absolute sediment depths increased within wood patches 
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through time, but there was no proportional increase in the amount of sediment stored around 
the jams and hence this may reflect a background trend of aggradation which is most 
pronounced in this section.  Sediment accumulation within marginal benches and bed scour 
in adjacent areas are clearly identifiable at two jams, but positioning of wood jams in relation 
to channel planform (outer bends) may have contributed to the reduced effectiveness of two 
jams in developing pronounced scour and depositional features.  The proportion of marginal 
and emergent vegetation was relatively stable through time and the cover of species indicative 
of aquatic-terrestrial transitional zones declined after an initial increase.  Within individual jams 
there was either no change or a reduction in cover and species richness over the three year 
period of study. The differences between the two reaches indicate a possibility that the 
trajectory of change in R2 may change, but since the style of restoration (proximity of jams, 
jam dimensions) differed between the two sections, it is difficult to draw direct comparisons.  
Longer-term monitoring programmes are required to identify whether trajectories of change 
are persistent, and such programmes should include unrestored control sections to enable 
comparison of local restoration-induced change with wider catchment influences such as the 
aggradation trend identified here through the examination of the NR reach. 
 
This study suggests that the reintroduction of large wood can lead to channel recovery towards 
dimensions closer to those expected under semi-natural (unmodified) conditions.  The 
restoration design increased habitat complexity at the channel margins through a combination 
of wood pieces with attached branches, and associated aquatic macrophytes and marginal 
sediment benches.  Impacts of the restoration on other aquatic organisms were not assessed 
here, but multiple important ecological and nature conservation benefits might be expected 
through the addition of structurally complex marginal habitat and associated food resources 
for a range of aquatic organisms. For instance, invertebrate biomass and diversity increases 
were indeed demonstrated following reintroduction of large wood in a MBACI (multiple before-
after-control-impact) study across multiple rivers, one of which was our study site (Thompson, 
2014; Thompson et al., in review). Similar patterns have also been identified in lowland, fine-
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sediment dominated rivers that are rich in naturally occurring large wood features (Pilotto et 
al., 2014; 2016). Large wood has also been shown to increase abundance of small body size 
invertebrates, reflecting its importance in relation to provision of refugia (Thompson, 2014). 
The response of fish to large wood introduction has been particularly equivocal (Roni et al., 
2015) and still needs to be fully assessed for our study river. Nevertheless, based on other 
UK sites, increases in the amount of deeper water can be expected to have enhanced 
populations of large brown trout (Salmo trutta) and eel (Anquilla anquilla) (Langford et al., 
2012). Further, concentration of flow in central channel areas between jams and consequent 
bed scour may also improve the quality of key spawning habitat for salmonids (Soulsby et al., 
2001). Finally, the densely vegetated river margins associated with fallen trees afford suitable 
feeding habitat for declining riverine mammals such as water vole (Arvicola amphibious; 
Moorhouse et al., 2009). More research is required to determine the fuller ecological and 
conservation implications of river restoration using whole trees, and more work is needed on 
the links between geomorphology, hydrology and ecology in this context and over longer 
timescales. Nonetheless our study provides some initial insights into the hydro-geomorphic 
processes that accompany wood-based restoration design which may help to explain 
emerging data on biological recovery in restored rivers.  
 
CONCLUSION 
Initial adjustments to restoration using complex large wood features (whole trees) indicate an 
important role for large wood in river restoration design that includes facilitation of channel 
narrowing and an increased complexity of marginal and instream habitats.  The combined 
ecosystem engineering effect of wood pieces and colonising aquatic vegetation is a natural 
characteristic of lowland, low energy rivers and integration of larger-scale wood features into 
restoration design represents an important opportunity.  Such an approach appears to be more 
effective than more artificial engineered enhancements such as channel narrowing using 
faggots and backfill or flow deflectors. Further, restoration using large wood can be extremely 
low-cost, simply requiring felling of riparian trees (where present). With growing emphasis on 
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‘re-wilding’ and ‘working with natural processes’ within the wider river research and 
conservation community, there may be greater scope and support for more ambitious 
restoration programmes that include additional ecosystem engineers (e.g. beaver), and thus 
remove or reduce the need for felling.  It is essential that such approaches are fully explored 
and assessed in order to optimise the benefits to be gained from working with nature. 
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Tables 
 
Table 1: Wood jam characteristics for the two study reaches. 
 Jam 
No.  
wood 
pieces 
Max 
piece 
length 
(m) 
Max 
piece 
diamete
r (m) 
Jam 
orientation 
(o) 
Positioning 
(channel 
planform) Anchoring 
R
1
 
R1a 1 10.2 0.35 25 
Upstream of 
outer bend 
Anchored on 
bank 
R1b 2 13.9 0.36 155 
Downstream 
of outer bend 
Staked in 
channel 
R1c 4 13.4 0.35 145 
On outer 
bend 
Anchored on 
bank 
R1d 4 11.5 0.5 5 
Upstream of 
inside bend 
Anchored on 
bank 
R
2
 
R2a 2 10 0.5 20 
Straight 
section 
Staked in 
channel 
R2b 3 14.2 0.41 15 
Straight 
section 
Anchored on 
bank 
R2c 3 16.2 0.5 10 
Straight 
section 
Staked in 
channel 
R2d 5 19 0.65 20 
Straight 
section 
Anchored on 
bank 
R2e 3 15.2 0.29 170 
Straight 
section 
Staked in 
channel 
R2f 3 8.2 0.35 150 
Straight 
section 
Staked in 
channel 
R2g 3 10.2 0.59 20 
Straight 
section 
Anchored on 
bank 
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FIGURES 
 
Figure 1: Location of the study reaches showing position of wood jams, instrumentation and 
sampling patches.  Boxes show the upstream and downstream extent of cross sections used 
to capture data for each reach. 
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Figure 2: Hydrological time series for the period of record showing (a) measured stage at the 
field site derived from three pressure transducers located in R1, R2 and NR reaches (see 
Figure 1) and (b) gauged Q at Ingworth.  Vertical shading shows the timing of field surveys 
(spring and summer for each survey year). Horizontal dashed lines in (b) represent the Q10, 
Q50 and Q95 flows for the period 1959-2015 (based on data from the National River Flow 
Archive, undated). 
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Figure 3: (a) change in average sediment depth through time for each reach and (b) 
proportion of fine sediment stored within jams. In (a) for R2, open circles and dashed lines 
highlight pre-restoration data, while closed circles and solid lines represent post-restoration 
data. 
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Figure 4: Fine sediment depth and shear stress (median and interquartile range) for wood 
and concentrated flow patches for the restored reaches for spring and summer surveys in T1 
and T3 (Q = 0.49-0.64 m3s-1): (a) shows data for R1, (b) shows data for R2 pre-restoration 
and (c) shows data for R2 post restoration. Symbols: black= wood, grey= flow, closed = 
summer; open = spring; circles = T1 and triangles =T3). (c) shows percentage change in 
flow velocity between marginal and central channel areas for R2 pre and post restoration. 
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Figure 5: Cross sectional bed elevation profiles for jams in R1 for T1 (grey lines) and T2 
(black lines). 
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Figure 6:  Cross sectional bed elevation profiles for jams in R2 for T1 (grey lines) and T2 
(black lines). 
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Figure 7: (a) overall percentage vegetation cover based on point sampling for each reach; 
(b) percentage areal cover of marginal/emergent vegetation derived from digitised field maps 
and (c) visualisations of vegetation types coded by Ellenberg moisture scores for T1, T2 and 
T3. In (a) and (b) for R2, open circles and dashed lines highlight pre-restoration data, while 
closed circles and solid lines represent post-restoration data. 
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Figure 8: Areal cover of Ellenberg moisture score groupings for (a) R1, (b) R2 and (c) NR.  
(d) to (f) show change in cover for individual species, grouped according to Ellenberg scores 
(species >5m2 cover only). 
 
 
Figure 9: Average change in species richness between T1 and T3 for each individual jam. 
Error bars show standard deviation. For R2, T1 data refer to the areas in R2 where jams 
were later introduced. 
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Figure 10: Photographs of the reach R2 (a) before and (b) after restoration (T1). 
